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We report on the slow magnetization dynamics observed upon the magnetic phase transitions
of GaV4S8, a multiferroic compound featuring a long-ranged cycloidal magnetic order and a Ne´el-
type skyrmion lattice in a relatively broad temperature range below its Curie temperature. The
fundamental difference between GaV4S8 and the chiral helimagnets, wherein the skyrmion phase
was first discovered, lies within the polar symmetry of GaV4S8, promoting a cycloidal instead of
a helical magnetic order and rendering the magnetic phase diagram essentially different from that
in the cubic helimagnets. Our ac magnetic susceptibility study reveals slow relaxation dynamics
at the field-driven phase transitions between the cycloidal, skyrmion lattice and field-polarized
states. At each phase boundary, the characteristic relaxation times were found to exhibit a strong
temperature dependence, starting from the minute range at low temperatures, decreasing to the
micro- to millisecond range at higher temperatures.
I. INTRODUCTION
Magnetic skyrmions are topologically non-trivial,
whirling spin structures, which can form 2-dimensional
crystals, so-called skyrmion lattices1,2. The emergence
of the skyrmion lattice phase was first identified in the
close vicinity of the paramagnetic-helical phase boundary
of cubic chiral helimagnets, known as B20 compounds
with a P213 space group
3–7. Cu2OSeO3, belonging to
the same space group with a different crystal structure8
was the first insulating material demonstrated to host
skyrmions9,10, with a magnetoelectric character11–14.
Since their experimental discovery, skyrmions have at-
tracted much attention owing to their potential ap-
plication as magnetic bits in high-capacity and low-
consumption memory devices15–19.
GaV4S8, a member of the lacunar spinel family, char-
acterized by the space group F4¯3m, is the first known
example of skyrmion-host materials with non-chiral but
polar crystal structure20. GaV4S8 is a semiconductor
with a non-centrosymmetric cubic crystal structure (Td)
at room temperature. The compound undergoes a coop-
erative Jahn-Teller distortion at TS=42K through the
stretching of the lattice along any of the four cubic
body diagonals reducing the crystal symmetry to po-
lar rhombohedral21–24. As a result a sizable ferroelec-
tric polarization develops along the C3v rhombohedral
axis25,26. Depolarization field is reduced by the forma-
tion of submicron-sized structural domains of the four
possible rhombohedrally distorted variants with the dif-
ferent 〈111〉-type rhombohedral axes21, assembling into
an alternating lamellar domain structure27.
Long-range magnetic ordering arises and thereby
the compound becomes a type-I multiferroic at
TC=13K
25,26,28,29. The interplay of the symmetric ex-
change interaction and the antisymmetric Dzyaloshinskii-
Moriya (DM) exchange interaction gives rise to a long-
wavelength spin ordering. However, in contrast to the
B20 compounds featuring a helical spin order in zero field
and longitudinal conical spin structure in finite magnetic
fields, in GaV4S8 the different pattern of DM vectors,
dictated by the polar C3v symmetry, leads to a cycloidal
spin order (Cyc) and precludes the emergence of the lon-
gitudinal conical structure in finite fields20. The cycloidal
nature of the magnetic modulations has been confirmed
experimentally by polarized SANS measurements30.
In low magnetic fields a Ne´el-type skyrmion lattice
(SkL) develops. Due to the lack of the longitudinal con-
ical state, being the main competitor of the SkL phase
in the B20 compounds, the Ne´el-type SkL is stable over
a broad temperature region20. On the other hand, the
easy-axis anisotropy in the rhombohedral domains31 pro-
motes the ferromagnetic ordering (FM) of the spins in the
ground state, suppressing the modulated phases below
T=5K20.
The modulation vectors of the Cyc and SkL states are
confined to the rhombohedral plane, irrespective of the
direction of the applied magnetic field20. Furthermore,
the skyrmions were demonstrated to carry magnetoelec-
tric polarization25,29, offering new possibilities of their
manipulation with external electric fields.
Measurement of static magnetization or magnetic sus-
ceptibility is a primary methodology to reveal the phase
transitions between the modulated magnetic states in
non-centrosymmetric magnets9,20,32–34. Beyond the de-
termination of the phase diagram via dc susceptibil-
2ity measurements, recently, several works have been de-
voted to analyzing the dynamic response of the modu-
lated spin structures via ac susceptibility measurements.
Similar features have been identified in the ac suscep-
tibility in many compounds of the B20 family as well
as in CuO2SeO3
32,35–39. Generally, the real component
of the ac susceptibility follows well the static suscep-
tibility, however in the vicinity of the magnetic phase
boundaries, it deviates from the static value and becomes
strongly frequency dependent, accompanied by a finite
imaginary component of the susceptibility. In chiral heli-
magnets, this feature is generally interpreted as the signa-
ture of first-order transitions between the different mag-
netic phases, involving slow relaxation processes of large
correlated magnetic volumes, such as the reorientation
of the long-wavelength spin-spirals or the nucleation of
skyrmionic cores35,36,38,39. The analysis of the frequency-
dependence of the ac susceptibility in all cases revealed a
broad distribution of relaxation times with macroscopic
values at the phase boundaries36,38,39.
Here, we report a systematic study of the ac sus-
ceptibility in GaV4S8, a compound essentially different
from the cubic helimagnets in terms of crystal sym-
metries and magnetic phase diagram20. The analy-
sis of the susceptibility measurements reveals a dra-
matic increase of the relaxation times in the vicinity of
the magnetic phase boundaries, with a strong temper-
ature dependence, which is similar to findings in other
systems36,38,39. In magnetic fields close to the critical
values, the average relaxation times are much shorter
than 1ms at the high-temperature end of each phase
boundary and rise well above the minute scale at the low-
temperature limits. This strong temperature dependence
invokes a thermally activated behavior of the relaxation
processes characterized by energy barriers in the order of
1000K.
II. RELAXATION MODEL
The modulated magnetic structures in skyrmion host
compounds are generally characterized by a long correla-
tion length, forming coherent magnetic regions with di-
mensions of hundreds of nanometers3,20. The ac suscep-
tibility of correlated spin-structures consisting of clusters
and/or domains of various volumes is generally described
by the Cole-Cole relaxation model. This phenomeno-
logical model has been effectively applied to various
systems40 comprising large magnetic volumes, such as
spin glasses41, superparamagnetic nanoparticles42, and
more recently it has been proposed for the description of
the phase transitions between modulated magnetic states
in chiral helimagnets, Fe1−xCoxSi
38 and Cu2OSeO3
36,39.
The dynamic response of the magnetic system in the
Cole-Cole model is formulated as an extension of the
Debye-relaxation by introducing a distribution of relax-
ation times, while keeping the exponential time depen-
dence of the relaxation40,43:
χω = χ∞ + (χ0 − χ∞)
1
1 + (iωτc)1−α
, (1)
where τc represents the central value of the relaxation
times and the α parameter is connected to the width of
their distribution. The adiabatic susceptibility, χ∞ orig-
inates from the almost immediate response of the spins,
as compared to the time scale of the studied relaxation
processes, hence, it is a purely real quantity. The static
limit of the ac susceptibility is denoted as χ0. The distri-
bution of the relaxation times, g(ln(τ)), is expressed by
the τc and α parameters as follows
43:
g(ln τ) =
1
2pi
(
sinαpi
cosh [(1− α) ln (τ/τc)− cosαpi]
)
. (2)
The distribution is symmetric on the logarithmic scale
with the central value of τc. Zero value of α represents
a single Debye-relaxation process, while values close to
unity lead to an infinitely broad distribution of relaxation
times.
Owing to the phase sensitivity of the ac-susceptibility
measurements, both the real and imaginary components
of the susceptibility, χ′ and χ′′, can be recovered. The
frequency dependence of the two components, expressed
from Eq.1, reads as:
χ′ = χ∞ + (χ0 − χ∞)
ωτα−1c + sin
(
αpi
2
)
ωτα−1c + ωτ
1−α
c + 2 sin
(
αpi
2
) (3)
χ′′ = (χ0 − χ∞)
cos
(
αpi
2
)
ωτα−1c + ωτ
1−α
c + 2 sin
(
αpi
2
) . (4)
III. METHODS
A. Sample synthesis and characterization
Single crystalline GaV4S8 samples were grown by
chemical vapour transport method using iodine as trans-
port agent. The high crystalline quality of the sam-
ples has been confirmed by X-ray diffraction. A cuboid-
shaped sample with a mass of 23.4mg was selected for
the ac susceptibility measurements.
B. Static and ac susceptibility measurements
A 5T Quantum Design MPMS SQUID magnetometer
was used for the static and ac susceptibility measure-
ments. Both the static magnetic field and the ac modu-
lation field were normal to the (111) plane of the GaV4S8
crystal and the longitudinal magnetic moment was mea-
sured in a phase sensitive manner. The field dependence
3of the ac susceptibility was measured in the 0-80mT
range with a modulation amplitude of µ0H
ω=0.3mT.
In order to probe the dynamics of the magnetically or-
dered spin system in the low-frequency regime, the drive
frequency of the modulating coil was varied between
f=0.1Hz and 1 kHz. The in-phase and out-of-phase com-
ponents of the oscillating magnetization were measured
and normalized by the drive amplitude, µ0H
ω to obtain
the real and imaginary parts of the ac-susceptibility, re-
spectively. The dc magnetization was measured in a
subsequent run after the ac susceptibility measurements.
The static susceptibility, ∂m/∂H , was obtained from the
measured dc magnetization curves by numeric derivation
using the central difference method. The typical duration
of the static measurements was ≈100 s per data point,
which involved the ramping of the magnetic field and
performing the measurement by the reciprocating sam-
ple option (RSO).
IV. RESULTS AND DISCUSSION
The magnetic-field dependence of the static and ac sus-
ceptibility was recorded at various temperatures within
the magnetically ordered phases of GaV4S8, i.e. between
T=6.5K and T=12K with magnetic fields applied par-
allel to the crystallographic 〈111〉-axis. The static sus-
ceptibility and the real part of the ac susceptibility are
shown in Fig. 1 (a). The imaginary component of the ac
susceptibility is presented in Panel (b) in the same figure.
A. Magnetic phase diagram established by the
static susceptibility
The field-driven phase transitions are associated
with peaks in the field dependence of the static
susceptibility20,32. The susceptibility measurements in
Fig.1 reveal the same magnetic phase diagram as estab-
lished by Ke´zsma´rki et al. in earlier static magnetiza-
tion measurements20. The peaks in the dc susceptibil-
ity separate three magnetic phases in the temperature –
magnetic field plane identified as the Cyc, SkL and FP
states. The three states adjoin at the triple point located
at T=9.5K and µ0H=32mT. Despite the coexistence of
structural domains in the compound, within the stud-
ied field range, phase transitions are only observed in
the structural variant wherein the rhombohedral axis is
parallel to the field20. Remarkably, the susceptibility is
enhanced in the SkL phase by almost a factor of 2 as
compared to the Cyc phase, implying a larger suscepti-
bility of the former phase along the rhombohedral axis.
In the FP state the susceptibility is nearly zero.
B. Slow relaxation phenomena at the magnetic
phase boundaries
In the following, we discuss the ac susceptibility mea-
surements, indicating slow dynamic processes occurring
in the modulated magnetic phases of GaV4S8.
It is clearly seen in Figs. 1 (a) and (b) that away from
the phase transitions, the ac susceptibility is frequency-
independent and purely real, with values identical to
the static susceptibility, i.e. they correspond to χ∞.
In these regions, the characteristic relaxation times are
much shorter than 1ms, the time period of the highest-
frequency modulation in our experiments.
On the other hand, as approaching the magnetic phase
boundaries, the real component of the susceptibility falls
behind the static values, exhibiting a strong frequency
dependence. This effect becomes the most prominent be-
low T=9.5K, i.e. for the Cyc-FP phase transition. More-
over, near each phase transition, a peak is seen the imagi-
nary component of the ac susceptibility, as a signature of
dissipative processes occurring at extremely low frequen-
cies, which also accounts for the frequency dependence
of both components of the ac susceptibility. Such be-
havior was also reported in cubic helimagnets of the B20
family33,35,38,44 and in Cu2OSeO3
36,39 near the magnetic
phase transitions.
A significant difference is that in the cubic helimagnets,
the spiral magnetic order undergoes multiple phase tran-
sitions. In the absence of a magnetic field, a multidomain
helical state is realized with propagation vectors selected
by the cubic anisotropy in these materials9,10,45–47. As
the magnetic field is increased and the weak anisotropy
is overcome by the Zeeman energy, the domains redis-
tribute upon a first-order phase transition48. Finally,
the wave vectors of the modulations flip towards the
magnetic field, establishing a mono-domain longitudi-
nal conical structure. Ac susceptibility measurements in
FeGe44, MnSi32,48, Cu2OSeO3
36,39 and Fe1−xCoxSi
38 in-
dicate that these transitions occur on macroscopic time
scales, attributed to the rearrangement of large magnetic
spirals.
In GaV4S8, on the other hand, no trace of slow dynam-
ics is seen in magnetic fields away from the Cyc-FP, SkL-
FP and Cyc-SkL phase boundaries, even though multiple
dynamic processes are expected within the Cyc as well
as the SkL phase. According to theoretical considera-
tions generic to spin-spirals in external magnetic field49
and SANS measurements in particular in GaV4S8
20, be-
sides the anharmonic deformation of the cycloids and
skyrmions induced by the field, the cycloidal wavelength
and the skyrmion lattice constant increase substantially
with increasing magnetic fields. The absence of dissipa-
tion within the Cyc and SkL phases suggests that this ex-
pansion takes place on much faster time-scales than 1ms
in both phases. Furthermore, as opposed to the cubic
helimagnets, there is no sign of an abrupt redistribution
of the cycloidal wave vectors induced by the field.
Our susceptibility data indicate slow dynamics only
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FIG. 1. (Color online) Static and ac susceptibility measured in GaV4S8, plotted against the external magnetic field. Panel
(a) presents the static susceptibility, ∂m/∂H , plotted in gray, along with the real component of the ac susceptibility, χ′(H).
Panel (b) displays the imaginary component of the ac susceptibility, χ′′(H). Different colors represent data measured at various
ac frequencies in the f=0.1Hz-1 kHz range. Measured data are shifted proportionally with the sample temperature, which is
indicated on the left side of each curve. The continuous lines connecting the dots are guides to the eye. The magnetic phases
separated by the susceptibility peaks in the B-T plane are indicated in the graphs. The paramagnetic state above TC=13K is
denoted as PM.
near the phase boundaries between the Cyc-FP, SkL-
FP and Cyc-SkL phases. At the two boundaries of the
SkL phase, the first-order nucleation processes of the
skyrmions may account for the long time scales. As
opposed to the transition from the longitudinal coni-
cal phase to the field polarized state in the B20s and
Cu2OSeO3, dissipative processes occur at low frequen-
cies at the Cyc-FP transition in GaV4S8. This suggests
the first-order character of the transition, further sup-
ported by recent neutron scattering experiments30. The
underlying dynamics may be related to the unwinding
of the 2pi domain walls of the anharmonic spin-cycloids
polarized by the external field.
C. Temperature and magnetic-field dependence of
the relaxation processes
The frequency dependence of the peaks in both suscep-
tibility components [Fig. 1 (a) and (b)] shows a strong
variation with the temperature. Concerning the Cyc-FP
phase boundary, at T=7K the dissipation is the largest
for the smallest modulation frequency, whereas at T=9K
it becomes almost frequency independent. Above the
triple point between T=10K and T=11K, a reversal can
be seen in the hierarchy of the frequencies in the dis-
sipation peaks at both the Cyc-SkL and SkL-FP phase
boundaries, indicating that the characteristic frequencies
of the relaxation processes pass through the measurement
window. Additionally, the peaks in the imaginary part
of the susceptibility are shifted in magnetic field with the
change of the drive frequency, which is most prominent
at T=10.5K. In order to systematically investigate the
behavior of the relaxation as the function of the tempera-
ture and magnetic field, the frequency dependence of the
real and imaginary components of the susceptibility was
analyzed at all measured (H,T) points in the vicinity of
the magnetic phase boundaries.
Figure 2 presents the frequency dependence of χ′ and
χ′′ in various magnetic fields. Three representative tem-
peratures are selected above the triple point, where the
peak in the imaginary part of the susceptibility passes
over the experimental window, indicating that the inverse
relaxation times go through the range of the measure-
ment frequencies. Figure 2 only shows data measured in
representative magnetic field regions near the Cyc-SkL
5and SkL-FP phase transitions. The frequency depen-
dence of the complex susceptibility can be fitted well by
the Cole-Cole relaxation model (Eqs. 3 and 4) using the
same set of parameters for the real and imaginary com-
ponents. The shifting of the peak in χ′′ towards lower
frequencies with decreasing temperature is well traced
by the fitted curves for both the Cyc-SkL and the SkL-
FP transitions implying an overall slowing down of the
relaxation.
Using the τc and α parameters retrieved from the Cole-
Cole fits, the distribution of the relaxation times, g(ln τ)
was calculated for each (H,T) point, according to Eq. 2.
Figures 3 (a), (b) and (c) display the calculated distribu-
tions of the relaxation times for the Cyc-SkL, SkL-FP and
Cyc-FP phase transitions, respectively. For each transi-
tion, the characteristic time scales fall below τ << 1ms
at the high-temperature end of the phase boundary, ex-
hibiting a further dramatic increase towards lower tem-
peratures, reaching values>>10 s at the low-temperature
part of the phase boundaries. Similar tendencies have
been identified in Cu2OSeO3
36,39.
Figure 4 presents the temperature dependence of the
fitted relaxation times averaged over the range of mag-
netic fields near the phase transitions as log (τav) =∑
i
log (τ(Hi)). The sum runs over the values of relax-
ation times, τ(Hi), which are determined by fitting at
each field, Hi, where the susceptibility shows observ-
able frequency dependence in the vicinity of the phase
boundaries. The rapid drop in the relaxation times with
increasing temperatures is clearly seen for each phase
boundary. The discontinuous jump in the relaxation time
at the triple point marks an abrupt change in the relax-
ation processes between the Cyc-FP and the Cyc-SkL
phase.
The exponential character of the temperature de-
pendence of the relaxation times suggests a thermally
activated behavior related to an energy barrier, ∆E,
separating the two thermodynamically stable magnetic
phases. The energy barriers for the Cyc-SkL and SkL-
FP phase transitions were determined by linear fits to the
Arrhenius-plots, i.e. ln (τav) against 1/T , as presented in
the inset of Fig. 4. The fitted values yield average acti-
vation energies of 1293K and 1137K at the Cyc-SkL and
the SkL-FP boundaries, respectively. These large values
underline the stability of the modulated phases extend-
ing over large volumes, i.e. fluctuations of sizable regions
instead of individual spins. Since the susceptibility at
the Cyc-FP boundary could not be accurately fitted (as
discussed later), the relaxation times for this transition
have not been analyzed quantitatively.
Apparently, the characteristic relaxation times are
strongly affected also by the magnetic field in case of
the SkL-FP transition [Fig. 3 (b)], whereas such promi-
nent field dependence is not found at the other two phase
transitions [Figs. 3 (a) and (c)]. In the former case, the
relaxation substantially accelerates with increasing mag-
netic field, as approaching the FP state. This may be ex-
plained by a phase coexistence of the SkL and FP states
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FIG. 2. (Color online) Frequency dependence of the real (left
column) and imaginary components (right column) of the sus-
ceptibility in various magnetic fields above the temperature
of the triple point, at T=11K (top), T=10.75K (middle) and
T=10.5K (bottom row). Measured values are shifted with re-
spect to the magnetic field. The color coding of the measured
values represents the different ac frequencies in accordance
with Fig. 1. Solid lines are fitted curves according to Eqs.
3 and 4 with the same set of parameters for the real and
imaginary parts of the susceptibility. The blue and red bars
next to the right axes represent the range of magnetic fields
corresponding to the Cyc-SkL and SkL-FP phase transitions,
respectively.
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FIG. 3. (Color online) Distribution of relaxation times, g(ln (τ )), plotted as a function of the temperature and magnetic field.
The distributions were calculated employing Eq. 2 with the τc and α parameters obtained from the fits to the frequency
dependence of the complex susceptibility. Panels (a),(b) and (c) present the relaxation times in the ranges of magnetic fields
corresponding to the Cyc-SkL, SkL-FP and Cyc-FP transitions, respectively. The distribution curves are shifted proportionally
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time shows a dramatic decrease with decreasing temperatures along all the three phase boundaries, with values well above 10 s
at their low-temperature limits.
with a decreasing typical size of persisting SkL islands to-
wards larger magnetic fields, exhibiting a faster response
to the ac modulation.
In contrast to the other two phase boundaries, the
Cole-Cole model fails to fit the frequency dependence of
the complex susceptibility for the Cyc-FP transition, as
demonstrated in Fig. 5 for two selected temperatures be-
low the triple point. Even though the real and the imagi-
nary components can be fitted separately with two differ-
ent sets of parameters (see dashed gray curves in Fig. 5),
the resulting parameters convey no physical meaning, as
the Kramers-Kronig relation does not hold between the
two components of the response function. The large dif-
ference between the static susceptibility values and the
real part of the ac susceptibility measured even at the
lowest frequency of f=0.1Hz, as seen in 1 (a), suggests
that dynamic processes exist with characteristic relax-
ation times far beyond 10 s.
The Cole-Cole model assumes a symmetric distribu-
tion of relaxation times on the logarithmic scale43, which
may not apply for more complex processes involved in the
magnetic phase transitions in GaV4S8. A generalization
of the Cole-Cole function was provided by Havriliak and
Negami50 allowing for an asymmetric distribution of re-
laxation times51. Applying the Havriliak-Negami model
to our data, however, yielded the same parameters as the
Cole-Cole fits returning the same symmetric distribution
of relaxation times, hence did not improve the fit.
Only a few recent studies made an attempt to quanti-
tatively describe the relaxation processes at the magnetic
phase boundaries in cubic skyrmion host compounds,
each within the framework of the Cole-Cole model36,38,39.
However, in most of these studies the real and imaginary
components of the ac susceptibility were handled sepa-
rately, which may lead to unphysical parameters, as seen
for the Cyc-FP transition in GaV4S8 (Fig. 5). Qian
et al. correlated the Cole-Cole fits to the real and the
imaginary parts of the susceptibility in Cu2OSeO3, find-
ing good agreement in case of the conical-to-skyrmion
and skyrmion-to-conical transitions, whereas a discrep-
ancy was reported at the helical-to-conical transition.
The authors attributed this difference to additional re-
laxation processes present at extremely low frequencies.
Bannenberg et al.38 also identified a low-frequency con-
tribution to the dissipation in Fe1−xCoxSi that could not
be described by the Cole-Cole model both at the conical-
to-skyrmion and the skyrmion-to-conical transitions.
V. CONCLUSION
In this study, we investigated the dynamics of the field-
driven phase transitions between the magnetic states in
GaV4S8 via ac susceptibility measurements. The mag-
76 7 8 9 10 11 12
10-6
10-3
100
103
106
0.090 0.095 0.100
-20
-10
0
10
 Cyc-FP
 Cyc-SkL
 SkL-FP
 
Temperature, T(K)
Av
er
ag
e 
re
la
xa
tio
n 
tim
e,
 
av
(s
)
E=1293K
 
 
ln
(
av
)
1/T
E=1137K
FIG. 4. (Color online) Temperature dependence of the log-
arithmic average of the relaxation times obtained from the
Cole-Cole fits, where the averaging was performed over the
fitted values in the magnetic field region close to the phase
transitions. The green, red and blue circles correspond to the
average relaxation times at the Cyc-FP, Cyc-SkL and SkL-FP
transitions. The lines connecting the data points are guides to
the eye. The dashed horizontal lines represent the measure-
ment window defined by the inverse of the highest (1 kHz)
and lowest (0.1 Hz) ac frequencies. The inset presents ln τav
as the function of 1/T along the Cyc-SkL and SkL-FP phase
boundaries. Relaxation time values close to the experimental
window are plotted, as indicated by the black dotted frame.
Linear fits to the data (solid black lines) yield the average
activation energies of 1293 K and 1137K for the Cyc-SkL and
SkL-FP transitions, respectively.
netic response related to the continuous deformations of
the cycloidal structure and the skyrmion lattice occurring
inside the phases, such as the field-induced anharmonic-
ity and transverse distortions, are accompanied with an
instantaneous response of the spin system on the fre-
quency scale well above the kHz range. The emergence of
extremely slow dynamics was demonstrated at the phase
boundaries between the cycloidal, skyrmion lattice and
field-polarized states.
Similar frequency-dependent susceptibility and peaks
in the imaginary (dissipative) part of the susceptibility
characterize the phase boundaries between modulated
magnetic states in all cubic helimagnets32. However, in
contrast to the lack of low-frequency dissipative processes
near the conical-FP boundary in helimagnets, in GaV4S8,
the Cyc-FP transition is characterized by extremely slow
dynamical processes, possibly associated to the discontin-
uous transition into the FP state through the unwinding
of the 2pi domain walls.
Magnetization dynamics at the Cyc-SkL and SkL-FP
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FIG. 5. (Color online) Frequency dependence of the real (left
column) and imaginary components (right column) of the sus-
ceptibility in various magnetic fields below the temperature of
the triple point at T=9K (top), T=8K (bottom row). Mea-
sured values are shifted with respect to the magnetic field.
The color coding of the measured values represents the differ-
ent ac frequencies in accordance with Fig. 1. Solid lines are
fitted curves according to Eqs. 3 and 4 with the same set of
parameters for the real and imaginary parts of the suscepti-
bility. Gray dashed lines are separate fits to the real [(a) and
(c)] and the imaginary components [(b) and (d)] of the sus-
ceptibility. The green bars next to the right axes emphasize
that the range of magnetic fields at the given temperatures
correspond to the Cyc-FP phase transition.
phase transitions in GaV4S8 is well described by the Cole-
Cole relaxation model. However, discrepancies found at
the Cyc-FP transition indicate the presence of more com-
plex dynamics that cannot be described by a distribution
of Debye-relaxation processes.
Each field-driven phase transition in GaV4S8 shows
similar behavior as a function of the temperature: at
the high-temperature end of the phase boundaries the
characteristic relaxation times are much shorter than
1ms, whereas at the lower-temperature part of the phase
boundaries, the dynamics is drastically slowed down,
characterized by relaxation times well above the minute
scale. Similar temperature dependence of the relaxation
8times has been reported for Cu2OSeO3
36,39 and may be
a common feature for all bulk skyrmion host materi-
als. The broad distribution of relaxation times and their
strong dependence on the temperature, implying large
activation energies, are likely the results of the collec-
tive relaxation of large magnetic structures of various
volumes.
The extremely slow relaxation times at the low-
temperature end of the phase boundaries may be ex-
ploited for the creation of non-equilibrium skyrmionic
clusters in the FP state with a long lifetime, whereas
a relatively fast switching can be realized between the
modulated states at higher temperatures.
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